The superplastic behavior of fine-grained metals is well described by the deformation model in which grain boundary sliding (GBS) is accommodated by slip. This slip accommodation process involves the sequential steps of glide and climb, with climb assumed to be the ratecontrolling process. The climb distance during GBS is often considered to be on the order of grain size in the conventional theoretical models. However, these models have not been able to predict quantitatively the strain rates actually observed in fine-grained superplastic materials. Therefore, the deformation model was reviewed by comparing the theoretical and phenomenological equations in order to accurately understand the mechanism of the accommodation process. The analyses revealed that the climb process is governed by the effective diffusivity. The climb distance through the grain boundary is of the order of the grain size, and that through the lattice close to the dislocation core size was quantitatively in agreement with the phenomenological relation.
Introduction
The constitutive equation to describe fine-grained superplasticity is generally expressed as 1,2)
where _ " " is the strain rate, A is a constant, k is the Boltzmann's constant, T is the absolute temperature, G is the shear modulus, b is the Burgers vector, d is the grain size, p is the grain size exponent, is the flow stress, 0 is the threshold stress, n is the stress exponent (¼ 1=m), D ð¼ D 0 expðÀQ= RTÞÞ is the diffusion coefficient, D 0 is the pre-exponential factor for diffusion, R is the gas constant, and Q is the activation energy. It is generally accepted that grain boundary sliding (GBS) is the predominant mode of deformation during superplastic flow. [3] [4] [5] Since GBS process generally causes stress concentrations at triple points, it has to be somehow accommodated in order to attain superplasticity. From the late 1960s, many attempts have been made to develop theories capable of predicting both the mechanical and topological features of superplastic deformation. The accommodation mechanisms for GBS that have been proposed in the literature can be divided into two groups: diffusional accommodation 6) and slip accommodation. [7] [8] [9] [10] Recent research has shown that the slip accommodation mechanism would be adequate to describe conventional superplastic flow. 3, [11] [12] [13] [14] [15] The proposed theoretical constitutive equations for diffusion-and slip-accommodated GBS are listed in Table 1 . [6] [7] [8] [9] [10] All of these models have some features that are in agreement with experimental observations. However, as will be shown later, the models have not been able to predict quantitatively the strain rates actually observed in fine-grained superplastic materials. In addition, none of the theories is able to predict, in one relation, the correct stress, temperature, and grain size dependencies.
In the present study, the deformation model of fine-grained superplasticity in metallic materials was reviewed in order to correctly understand the mechanism of the accommodation process for superplastic flow. Especially, the climb distance during GBS was estimated by a simple exercise involving the fitting of a model to experimental data obtained in pseudosingle phase aluminum and magnesium alloys. Table 1 Summary of the constitutive equations for superplastic flow. [6] [7] [8] [9] [10] Constitutive equation
Climb distance Authors Ref.
Diffusional accommodation
Ball and Hutchison 7)
À: Grain boundary free energy : Grain boundary width Ã : The derivation by Ball-Hutchison 7) suggests a constant of 100. However, it is shown elsewhere 16) that this value reduces to 12.5 when the relationship is put into the standard format.
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Deformation Model
The most enduring concept of a micromechanism to explain superplasticity would be that of slip-accommodated GBS. 3, [11] [12] [13] [14] [15] Very recently, it has been pointed out that the model can explain superplastic behavior not only in metallic materials but also in alumina. 17) Therefore, the deformation model considered here is based on the concept that GBS is the predominant mode of deformation and that sliding is accommodated by slip which is controlled by dislocation climb. The accommodation process of GBS is schematically illustrated in Fig. 1 . In this model, the grains slide individually until it is obstructed by an unfavorably oriented grain. The resultant stress concentration is released by dislocation motion in the blocking grain. These dislocations pile up against the opposite grain boundary until the back stress prevents further activation of the source and stops the sliding. The climb of the leading dislocation from the pile-up adjacent to the grain boundary would allow another dislocation to be emitted and enable further GBS. Ball and Hutchison 7) were the first to develop a model of this type, although they considered the model in which groups of grains slide as a unit. Our intention in this paper is not to develop new models; i.e., a normal approach was taken in order to obtain the theoretical constitutive equation, which describes the superplastic flow.
If dislocations move across a grain and pile up at an obstacle, the number of edge dislocations in the pile-up, j, is given by 18) 
where v is the Poisson ratio, sp is the applied shear stress, and L is the length of the pile-up. In the present model, L is equivalent to the linear intercept size. 
The climb velocity, V c , at the head of the pile-up is controlled by the rate of diffusion of vacancies associated with the climb process, so that V c is given by 20 )
where D is the appropriate diffusion coefficient 10) and h is the climb distance. Taking the condition of p b 3 ( kT (this assumption may be applied even for metals with low melting points such as aluminum and magnesium: e.g., p b 3 and kT are predicted to be 1:5 Â 10 À21 and 1:1 Â 10 À20 NÁm (or J) in aluminum under the same superplastic condition described above) gives
The time for a dislocation to climb, t climb , through a distance h is given by 10) t
assuming that V c is constant during the climb. On the other hand, the time for the local sliding on the boundary, t GBS , is given by 10) t
In order to continue superplastic deformation,
Therefore, the following theoretical constitutive equation for fine-grained superplasticity is obtained after substitution of eqs. (6) and (7) into (8):
Here, we assumed that the climb distance is some fraction of grain size; h ¼ d=a as well as in the Ball and Hutchison model, 7) where a is an unknown value, and the grain size, d, was taken as 1:74L, where 1.74 is the stereological factor. 21) 
Phenomenological Relation
In the past two decades, significant progress has been made in the phenomenological understanding of superplastic flow in fine-grained metallic materials. 3, 12) These studies have revealed that such materials exhibit rather specific stress, temperature, and grain size dependencies. Most fine-grained superplastic materials exhibit stress-strain rate relations in which the strain rate sensitivity exponent m (¼ 1=n) is about 0.5 (n ¼ 2). The temperature dependence of superplastic flow is usually associated either with that for grain boundary diffusion or with that for lattice diffusion. It has been experimentally demonstrated that the dominant diffusion process for superplastic flow is influenced by temperature and 
where x is an unknown constant and is the grain boundary width ( was taken to be 2b in the present study). The term x has been roughly estimated to be 1 Â 10 À2 for superplastic flow. 11, 12, 17) This equation indicates that the two diffusional paths are independent, and both grain boundary diffusion and lattice diffusion contribute simultaneously in the ratecontrolling process. The term x in equation (10) is usually considered to be unity in diffusional creep mechanisms. 11, 12) The difference in x-value between diffusional creep and superplasticity indicates that the normal models for grain boundary diffusion must be inappropriate under the occurrence of extensive GBS. 12) Recently, the effective diffusivity was precisely determined using relatively coarse-grained superplastic magnesium alloys. 14, 22) In this study, the x-value in eq. (10) was estimated to be 1:7 Â 10 À2 . Using x ¼ 1:7 Â 10 À2 , the variation in ð _ " "=D eff ÞðkT=GbÞðd=bÞ 2 as a function of ð À 0 Þ=G for pseudo-single phase aluminum alloys [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] and magnesium alloys 14, [34] [35] [36] [37] [38] [39] is plotted in Fig. 2 . This figure includes the data for superplastic behavior, whose deformation mechanisms were considered to be grain boundary diffusion controlled flow or lattice diffusion controlled flow. It is noted that the superplastic behavior is represented by a single straight line with a slope of 2, irrespective of the materials and the dominant diffusion processes. It is obvious from Fig. 2 that the phenomenological relation for superplastic flow can be expressed as a single equation:
As mentioned above, it is suggested that the two diffusional paths are independent, and both grain boundary diffusion and lattice diffusion contribute to the accommodation simultaneously. Therefore, the general equation of (11) can be rewritten for the case in which superplastic flow is controlled by grain boundary diffusion and in which superplastic flow is controlled by lattice diffusion. When grain boundary diffusion controls the superplastic flow process, 1:7 Â 10 À2 ð=dÞD gb ) D L , we obtain:
In the case when lattice diffusion controls the superplastic flow process, D L ) 1:7 Â 10 À2 ð=dÞD gb , we obtain:
By comparing theoretical constitutive equations for slipaccommodated GBS in Table 1 and the phenomenological relation of eq. (11), we see that no theoretical models can Fig. 2 The variation in ð _ " "=D eff ÞðkT=GbÞðd=bÞ 2 as a function of ð À 0 Þ=G for (a) pseudo-single phase aluminum alloys [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] and (b) pseudo-single phase magnesium alloys. predict the experimental flow behavior, at least in pseudosingle phase aluminum and magnesium alloys. There are three noteworthy differences between the phenomenological relation and the theoretical equations shown in Table 1 . First, all theoretical equations predict grain boundary diffusion controlled flow. In fact, for example, it has been reported that the activation energies for superplastic flow in Zn-Al and Pb-Sn alloys, which are typical superplastic materials, are close to that for grain boundary diffusion. [40] [41] [42] On the other hand, it is true, for example, that ingot metallurgy aluminum alloys and aluminum-based composites often exhibit lattice diffusion controlled flow. 1, 26, [43] [44] [45] Therefore, it is inconsistent to conclude that superplastic flow is controlled by grain boundary diffusion. Second, the grain-size exponent differs when the grain boundary diffusion dominates the deformation: the phenomenological relation predicts p ¼ 3, whereas the theoretical model predicts p ¼ 2. Third, the constants theoretically predicted were five to six orders of magnitude smaller than that derived phenomenologically. These inconsistencies are probably associated with the estimation of the appropriate diffusion coefficient and the climb distance, as will be discussed in the next section.
Climb Distance
In the previous section, the theoretical constitutive equation of eq. (9) was derived, although the climb distance, h (¼ d=a), has not yet been determined. The climb distance for recovery generally corresponds to the distance for dislocation disappearance or to the distance for dislocation to be ceased. 46) The climb distance during superplastic flow is often considered to be the order of the grain size as listed in Table 1 . Note that the theoretical equations in Table 1 , which suppose the climb distance of the order of the grain size, could not necessarily predict the experimental flow behavior, indicating the inappropriate estimation of climb distance. Now, it is possible to estimate the climb distance in the lattice and grain boundary by comparing the phenomenological relations of (12) and (13) and the theoretical equation of eq. (9) . In the following analysis, sp in eq. (9) was substituted by ð À 0 Þ. Though the authors cannot present the theoretical background for threshold stress, the threshold stress may be negligibly small, at least, for the pseudo-single phase aluminum and magnesium alloys analyzed in the present study.
The a-value is calculated to be 1:57 Â 10 À2 d À0:5 for grain boundary diffusion. It is evident that the a-value itself has grain-size dependence. The variation in a) a-value and b) climb distance as a function of grain size is shown in Fig. 3 . When the grain size is of micron order, the climb distance is of the order of grain size as has been conventionally considered. In this case, the climb distance may correspond to the distance for dislocation disappearance as has been discussed in the theoretical models. [7] [8] [9] [10] On the other hand, the a-value is constant and calculated to be 2:8 Â 10 3 for lattice diffusion. The a-value and climb distance for lattice diffusion are also shown in Fig. 3 . The climb distance through the lattice is far smaller than the order of grain size. This distance is close to the order of the Burgers vector rather than that of grain size. For example, the climb distance of materials with d ¼ 5 and 10 mm is estimated to be 1:8 Â 10 À9 and 3:6 Â 10 À9 m, respectively. Assuming that b ¼ 3 Â 10 À10 m, the climb distance is equivalent to 6b and 12b, respectively. It is noted that the climb distance derived here is close to the size of the dislocation core. In this case, the climb distance may correspond to the distance for dislocation to be ceased.
When the grain size is reduced to .1 mm, the climb distance for lattice diffusion becomes less than a Burgers vector, indicating that the deformation model considered here cannot be applied in the sub-microcrystalline range.
Discussion
It is recognized that GBS is the dominant mode of superplastic flow for strain. [3] [4] [5] In the macroscopic view, GBS is the crystal's relative shear displacement at the boundary parallel to the boundary plane. 47) On the other hand, the microscopic aspect of GBS is viewed as the motion of grain boundary dislocations. 47, 48) The elementary processes of GBS shown by the dislocation model can be explained in terms of two processes: i) absorption of lattice dislocations by the grain boundary, i.e., dissociation of lattice dislocations into grain boundary dislocations, and ii) movement (glide and climb) of grain boundary dislocations along the grain boundary. In superplastic deformation, it is suggested that the lattice dislocations from slip accommodation are absorbed by the grain boundaries as mobile extrinsic dislocations which move along the grain boundaries to thereby contribute to the sliding process. [49] [50] [51] [52] From this point of view, it is expected that the climb process through the grain boundary plays a different role than that through the lattice; i.e., the climb process through grain boundary is not only a part of slip accommodation but also contributes to the elementary process of GBS. This may result in the different contribution of grain boundary diffusion (x-value) to superplastic flow compared with that to diffusion creep. The elementary process of GBS is assumed to be a combination of the glide and climb of grain boundary dislocations, while GBS itself would not be rate limiting during superplastic flow. Therefore, only the glide of grain boundary dislocation is suggested to be the origin of GBS for strain during superplastic flow. This micromechanism for fine-grained superplasticity is schematically illustrated in Fig. 4 . In the previous section, the threshold stress in the phenomenological equation was neglected. The theoretical constitutive equation of eq. (9) was derived from the viewpoint of the rate-controlling process of GBS. Since superplastic behavior is uniquely described by the effective flow stress which takes into consideration the threshold stress, as has been shown in Fig. 2 , the threshold stress may be related to the processes during glide of grain boundary dislocation and/or glide of lattice dislocation; e.g., the threshold stress in pseudo-single phase alloys arises from the interaction between segregated atoms and grain boundary dislocation 42) in the former, and it arises from the interaction between solute atoms and lattice dislocation 54) in the latter. Further experimental and computational studies (e.g., first principle simulation 55, 56) ) on the elementary process of GBS in polycrystalline materials are needed to evaluate this speculation.
53)
One of the recent notable topics in superplasticity research regards nanocrystalline superplasticity. 57, 58) To date, nanocrystalline superplasticity in metallic materials has been reported, for example, in Zn-Al eutectoid alloy, [59] [60] [61] titanium alloy, 62) and aluminum alloy. 63) Mukherjee and coworkers [62] [63] [64] [65] [66] pointed out that nanocrystalline superplasticity exhibits slower kinetics or higher stress compared with conventional microcrystalline superplasticity. This was explained by considering the stress of dislocation generation for slip accommodation. From the analysis based on dislocation generation, it was expected that the stress for dislocation generation becomes higher than that for superplastic flow stress in the sub-microcrystalline range, and that this leads to difficulty in slip accommodation. However, a conclusive resolution of this issue has yet to be obtained. Turning to the present analysis, it is interesting to note that the climb distance through lattice becomes smaller than the Burgers vector when the grain size is reduced to the order of submicrograin size, and this is simply unphysical. There would be a different rate-controlling step below the sub-microcrystalline range.
Conclusions
(1) The deformation model of fine-grained microcrystalline superplasticity in metallic materials was reviewed in order to accurately understand the mechanism of the accommodation process for superplastic flow. The following mechanism was in quantitative agreement with the phenomenological constitutive equation in microcrystalline superplasticity:
(i) Grain boundary sliding is the predominant mode of deformation. (ii) Grains slide individually until it is obstructed by an unfavorably oriented grain. The resultant stress concentration is released by dislocation motion in the blocking grain. These dislocations pile up against the opposite grain boundary until the back stress prevents further activation of the source and stops sliding. (iii) The climb of the leading dislocation, which is governed by the effective diffusivity, would allow another dislocation to be emitted and enable further GBS. The climb distance through the grain boundary is on the order of grain size. When the grain size is on the order of microns, the climb distance through the lattice is close to the size of the dislocation core. (2) It is deduced from the estimated climb distance though the lattice that there would be a transition between micromechanisms below the sub-microcrystalline range. Further research is required to seek a different rate-controlling step in this range.
